Glycerol is a main byproduct in a biodiesel production process, and the effective utilization of glycerol can contribute to the biodiesel promotion. One of the methods is catalytic conversion of glycerol to valuable chemicals, and this can also agree with the concept of green chemistry in terms of the utilization of renewable resources. Catalytic performance of supported metal catalysts (metal: Rh, Ru, Pt, Pd support: active carbon, SiO 2 , Al 2 O 3 ) was evaluated in the reaction of glycerol aqueous solution under H 2 . It is found that Rh/SiO 2 exhibited higher activity and higher selectivity to hydrogenolysis products such as propanediols and propanols than Ru/C catalysts at low temperature (393 K). We also investigated the additive effect of ion-exchange resin (Amberlyst). Regarding the reaction route in the reaction of glycerol, it is suggested that the consecutive hydrogenolysis of propanediols to propanols on Rh/SiO 2 can proceed via 1,2-propanediol, while it can proceed on Ru/C via 1,3-propanediol.
have been attempted to the glycerol reaction to propanediols. The reaction formula is described below. The reaction corresponds to the substitution of the OH group with H 2 , which is called here as hydrogenolysis.
is that the degradation reaction as well as the hydrogenolysis can be also catalyzed in the glycerol reaction. The degradation reaction can be due to the cracking of the carbon-carbon bond. The reaction formula is shown below. of these reactants of the aqueous solution was 2 mass%.
In all the experiments, the aqueous solution of the reactant, the catalyst powder and a spinner were put into the autoclave; then the reactor was purged with H 2 (99.99%; Takachiho Trading Co.
Ltd.). After purging, the reactor was heated to the reaction temperature, and the H 2 pressure was increased. The temperature was monitored using a thermocouple that was inserted in the autoclave and connected to the thermo-controller. Although the hydrogen pressure decreased with reaction time, the decreased hydrogen pressure was 1/10 of the initial pressure at most. After the reaction, the gas-phase products were collected in a gasbag and the liquid phase products were separated from the catalyst powder through filtration. These products were analyzed using a gas chromatograph (Shimadzu GC-8A) equipped with FID. A Stabilwax capillary column (diameter 0.53 mmφ, 60 m) was used for the separation. Products were also identified using GC-MS (QP5050, Shimadzu). As the products of the hydrogenolysis reaction, 1,2-PD, 1,3-PD, 1-propanol (1-PO) and 2-propanol (2-PO) were observed. As the products of the degradation reaction, ethylene glycol (EG), C 2 H 5 OH, CH 3 OH and CH 4 were detected. Propanols were formed by the hydrogenolysis reaction of propanediols as below.
Conversion of the reactants in all reaction tests were calculated based on the following equation.
(Sum of C-based mol of all products)
(Sum of C-based mol of reactant and all products)
Conversion of reactant (%) = × 100
The conversion can be also defined as (reactant before -reactant afterwards) / (reactant before)× 100. In the present case, it is necessary to determine the conversion and the selectivity even when the conversion level is very low. In addition, since all the products in the reaction tests were identified, each values of the product amount were utilized, and the equation above was applied for the estimation of the conversion. It should be noted that the conversions calculated by this method and the method based on the definition agree well when the conversion was beyond around 5%.
The mass balance was also confirmed in each result and the difference in mass balance was always in the range of the experimental error.
Selectivity of the products in all reaction tests were also calculated based on the following equation.
(C-based mol of the product) × 100
(Sum of C-based mol of all products) Selectivity (%) = As a result of the reaction tests, ethylene glycol, ethanol, methanol and methane were detected as degradation products. The degradation of glycerol can give the C 2 and C 1 compounds in some cases. On the other hand, it can give only the C 1 compounds in other cases. Since the degradation can proceed in various ways, it is difficult to determine the formation route of each degradation product precisely. Therefore, we simply assume that each degradation product is formed from glycerol like C 3 →3/2C 2 and C 3 →3C 1 in the determination of the selectivity. The yield is calculated from Conversion (%) × Selectivity (%) / 100. The details are referred to our previous report 7 . The surface areas of the supported metal catalysts were measured using BET method (N 2 adsorption) with a Gemini (Micromeritics) apparatus. Temperature-programmed reduction (TPR) was carried out in a fix bed reactor equipped with a thermal conductivity detector using 5 % H 2 diluted with Ar (30 ml/min). The amount of catalyst was 0.05 g, and temperature was increased from room temperature to 1123 K at the heating rate of 10 K/min. Transmission electron microscope (TEM) images were taken for determination of the particle size using equipment (JEM 2010; JEOL) operated at 200 kV. After reduction with H 2 , the samples were stored under vacuum until measurements were made. Supersonic waves dispersed the samples in 2-propanol, and dispersed samples were placed on Cu grids under air atmosphere. Average particle size was calculated by
Results and discussion
The results of the glycerol reaction over various supported metal catalysts at 393 K are described in Figure 1 . All the supported Pd and Pt catalysts exhibited very low activity in the glycerol reaction, and all the Al 2 O 3 supported metal catalysts showed low activity. In the case of Ru catalysts, active carbon is much more suitable support than SiO 2 and Al 2 O 3 . This is also supported by the previous reports that Ru/C is an effective catalyst for the glycerol hydrogenolysis 7, 17, [23] [24] [25] 27 .
On the other hand, Ru/SiO 2 showed much lower activity than Ru/C. It should be noted that both Rh/SiO 2 of 380 and G-6 and Ru/C exhibited high activities for the glycerol reaction, in particular, Rh/SiO 2 (G-6) gave much higher yield of hydrogenolysis products than other catalysts, and the selectivity to hydrogenolysis products on Rh/SiO 2 (G-6) was higher than that on Ru/C. supported Pt and Pd catalysts showed very low activity in the glycerol reaction. This indicates that metallic Pt and Pd species is not so active. Regarding the active carbon supported catalysts, the metal species on all the catalysts can be reduced during the glycerol reactions because the peaks assigned to metal species were detected by X-ray diffraction method on the used samples as reported previously 7 . This also supports the low activity of Pt and Pd. In contrast, metallic Ru and Rh species are highly active, and these can be formed on Rh/SiO 2 , Rh/C and Ru/C. In addition, the tendency in the activity over two Rh/SiO 2 and one Ru/C catalysts can be explained by the number of surface Rh atoms. From here, we focus on the catalytic performance of Rh/SiO 2 (G-6) and Ru/C. Figure 3 shows the reaction temperature dependence of the glycerol reaction over Rh/SiO 2 (G-6) and Ru/C. It is characteristic that Rh/SiO 2 (G-6) exhibited lower selectivity to degradation products under higher glycerol conversion than Ru/C at 393 K. At higher reaction temperature, the selectivity to degradation products on Rh/SiO 2 (G-6) increased significantly. This result recommends that the reaction should be carried out at lower reaction temperature, where Rh/SiO 2 showed much higher activity and higher hydrogenolysis selectivity than Ru/C. As the details of the distribution of hydrogenolysis and degradation products are listed in Table 1 , the main degradation products on Ru/C were EG and CH 4 , and this represents the cracking of the C-C bond in the glycerol to ethylene glycol and methane. In contrast, in the case of Rh/SiO 2 (G-6), the selectivity to EG and ethanol were lower than that to CH 4 . This indicates that the degradation reaction route on Rh/SiO 2 is different from that on Ru/C, and this suggests that glycerol is cracked to three methane on Rh/SiO 2 . Figure 4 shows the effect of glycerol concentration over Rh/SiO 2 (G-6) and Ru/C. On both catalysts, the glycerol conversion decreased with increasing glycerol concentration. On the other hand, the difference between Rh/SiO 2 and Ru/C was larger at higher glycerol concentration, and it should be noted that Rh/SiO 2 gave higher glycerol conversion even under high glycerol concentration conditions. Although the details are not shown here, we confirmed that the reaction proceeded under steady-state conditions judging from the change of H 2 pressure during the test.
Therefore it is possible to estimate the reaction rate from the results of the activity tests. In terms of the reaction rate of glycerol, the rate on Rh/SiO 2 was about twice as high as that on Ru/C under the condition of 40 mass% glycerol aqueous solution, although the difference was small at 2 mass% concentration. In addition, another important point is that Rh/SiO 2 maintained high selectivity to hydrogenolysis products even under high glycerol concentration. Figure 5 shows the effect of H 2 pressure. At lower hydrogen pressure such as 2.0 MPa, Ru/C gave much higher glycerol conversion than Rh/SiO 2 . In the case of the Ru/C, the effect of H 2 pressure was very small, and the yield of hydrogenolysis products increased gradually with increasing H 2 pressure. In contrast, in the case of Rh/SiO 2 , the conversion and selectivity to the hydrogenolysis products increased remarkably with increasing H 2 pressure, and this means that the yield of hydrogenolysis products is enhanced by the increase of H 2 pressure. It is possible to estimate the reaction order of glycerol with respect to H 2 over Rh/SiO 2 (G-6), and the obtained order is estimated to be second. Further investigations on the promoting mechanism of hydrogen on the hydrogenolysis reaction over Rh/SiO 2 are necessary, however, the adsorbed hydrogen species on the Rh surface is suggested to promote the hydrogenolysis reaction. Figure 6 shows TEM images of the used Rh/SiO 2 (G-6) and Ru/C catalysts after the reaction at 393 K for 10 h under the standard reaction conditions. The metal particles were observed in both cases, and the average particle size of Rh and Ru determined to be about 3.8 ± 0.2 and 2.5 ± 0.2 nm, respectively. In the case of Ru/C, based on the relationship (D = 1.32/d) between particle size (d, nm) and the dispersion (D, %) 29, 30 , the dispersion is calculated as 53 ± 4%. In the case of Rh/SiO 2 (G-6), based on the relationship, (D = 1.10/d) 29, 31 , the dispersion is obtained as 29 ± 2%, which is lower than that of Ru/C. In addition, the average particle size of both catalysts after the reduction pretreatment were almost the same as those of used catalysts, although the details are not shown
here. This means that the aggregation of metal particles during the reaction can be neglected, and this is related to the tendency that the decrease of H 2 pressure during the reaction was almost proportional to the reaction time. In addition, based on the dispersion obtained from the TEM results, the turnover frequency on Rh/SiO 2 (G-6) is estimated to be about five times as high as that on Ru/C under the standard reaction conditions.
Here, we investigated the effect of Amberlyst addition to Rh/SiO 2 (G-6) in the comparison with Ru/C. The results are listed in Table 1 . In this experiment, the reaction temperature was chosen to be 393 K. One reason is based on the results of reaction temperature dependence (Figure 3) , and
another is due to the highest operating temperature of the ion-exchange resin. As reported previously, under the same reaction condition, the Amberlyst was stable for at least 60-hours 7 .
From the comparison between Ru/C and Ru/C+Amberlyst, it is found that the glycerol conversion was increased by the addition of Amberlyst, and the total hydrogenolysis product yield mainly increased, in particular, 1,2-PD formation was drastically promoted. This behavior can be interpreted by the combination of the dehydration to acetol on Amberlyst and subsequent hydrogenation to 1,2-PD on Ru/C as reported previously glycerol than Ru/C, which can be regarded as a conventional catalyst. In particular, under the higher H 2 pressure and higher concentration of glycerol, Rh/SiO 2 was more effective catalyst than Ru/C.
By the addition of Amberlyst, glycerol conversion on the Rh/SiO 2 increased as well as on Ru/C. In addition, the reaction route of glycerol on Rh/SiO 2 can be different from that on Ru/C. The consecutive hydrogenolysis of propanediols to propanols in the glycerol reaction can proceed mainly via 1,3-propanediol on Ru/C, while the consecutive reactions can proceed mainly via 1,2-propanediol on Rh/SiO 2 . The efficient catalytic conversion into valuable chemicals of glycerol, which is a main byproduct in the biodiesel production, can contribute to the promotion of biodiesel utilization in the economical view. 
